We have investigated the in-gap bound states (IGBS) induced by a single nonmagnetic impurity in multiband superconductors with incipient bands. Contrary to the naive expectation, we found that even if the superconducting (SC) order parameter is sign-preserving s-wave on the Fermi surfaces, the incipient bands may still affect the appearance and locations of the IGBS, although the gap between the incipient bands and the Fermi level is much larger than the SC gap. Therefore in scanning tunneling microscopy experiments, the IGBS induced by a single nonmagnetic impurity are not the definitive evidences for the sign-changing order parameter on the Fermi surfaces. Our findings have special implications for the experimental determination of the pairing symmetry in the FeSe-based superconductors.
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The recent discovery of high-T c superconductivity in some FeSe-based superconductors, such as Li 1−x Fe x OHFe 1−y Se, [1] [2] [3] Li x (NH 2 ) y (NH 3 ) 1−y Fe 2 Se 2 4 and A x Fe 2−y Se 2 (A=Rb, Cs, K), [5] [6] [7] as well as monolayer FeSe grown on SrTiO 3 , 8 has attracted great interest among the condensed matter community. These materials have only electron Fermi surfaces around the Brillouin zone (BZ) corner, while the hole Fermi surfaces around the BZ center, which commonly exist in the usual iron pnictide superconductors, disappear since the hole bands sink below the Fermi level and become incipient.
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The superconducting (SC) mechanism and pairing symmetry in these materials are currently under hot debate. Theoretically it was suggested that, due to the disappearance of the hole Fermi surfaces, the spin fluctuation between the electron Fermi surfaces results in a nodeless d-wave pairing symmetry, [21] [22] [23] [24] where the SC order parameter changes sign among the Fermi surfaces. However this may lead to gap nodes or extreme minima in the 2Fe/cell BZ. 25 In contrast, s-wave pairing symmetry has also been predicted with sign-preseving order parameter among the Fermi surfaces.
26-29 Signchanging s-wave pairing symmetry has been predicted as well, where the order parameter changes sign between the inner and outer Fermi surfaces. 25 Experimentally, angleresolved photoemission spectroscopy found that the SC gap magnitude along the Fermi surfaces shows no apparent nodes or extreme minima, 9, [13] [14] [15] [16] [18] [19] [20] therefore the nodeless d-wave case is less supported. A spin resonance observed by inelastic neutron scattering (INS) [30] [31] [32] [33] [34] [35] [36] [37] was interpreted as the possible sign change of the order parameter among the Fermi surfaces. Scanning tunneling microscopy (STM) results are controversial since Refs. 38 and 39 claim no such sign change while Ref. 40 reaches the opposite conclusion.
Up to now, most of the studies in the FeSe-based superconductors have focused on the sign of the order parameter on the Fermi surfaces, with little attention paid to the SC pairing on the incipient bands which do not form Fermi surfaces. In LiFe 1−x Co x As, a ∼ 5meV SC gap has been observed on a hole band which sinks ∼ 8meV below the Fermi level 41 while in FeTe 0.6 Se 0.4 , a ∼ 1.1meV gap is found on an electron band lying ∼ 0.7meV above the Fermi level. 42 However in the FeSe-based superconductors, the hole bands sink ∼ 100meV below the Fermi level and whether they are SC or not is unclear. For example, Refs. 27 and 29 suggest that the incipient bands are SC and the sign of the order parameter on them is opposite to that on the Fermi surfaces, while Ref. 28 states that the sign of the order parameter on the incipient bands is the same as that on the Fermi surfaces. In addition, Ref. 43 claims no SC pairing on the incipient bands. Furthermore, whether these incipient bands will affect the experimental interpretation of the sign of the order parameter on the Fermi surfaces is less explored. In Ref. 44 are present, IGBS can be induced by a single nonmagnetic impurity, even if the order parameter is signpreserving s-wave on the Fermi surfaces. The locations of the IGBS can vary from the gap edges to deep inside the gap, depending on the scattering strength of the impurity, the density of states (DOS) on the Fermi level, the relative sign between the order parameter on the incipient bands and that on those bands crossing the Fermi level, as well as the details of the band structure. Therefore, special caution has to be taken when inferring the sign of the order parameter on the Fermi surfaces based on the STM observation of the IGBS induced by a single nonmagnetic impurity.
In the following, we adopt a 2D tight-binding model similar to that proposed in Ref. 51 , where each unit cell contains two inequivalent sublattices A and B. The coordinate of the sublattice A in the unit cell (i, j) is R ij = (i, j) while that for the sublattice B is R ij + d, with d being (0.5, 0.5). For illustrative purpose, we simply consider only one orbital on each sublattice. The Hamiltonian can be written as
Here c † kA↑ /c † kB↑ creates a spin up electron with momentum k and on the A/B sublattice. Ak = −2(t 2 cos k x + t 3 cos k y ) − µ, Bk = −2(t 2 cos k y + t 3 cos k x ) − µ and
In addition, M k and D k are the tight-binding and pairing parts of the system, respectively. Throughout this work, k is defined in the 2Fe/cell BZ and the energies are in units of 0.1eV. In the following we set t 1−3 = 1.6, 0.4, −2 and µ = −1.9. The band structure as well as the pairing function in the band basis can be obtained through a unitary transform as
Here E k1 (E k2 ) is the energy of the incipient (active) band (E k1 ≤ E k2 ), whose dispersion along the highsymmetry directions is shown in Fig. 1(a) . The top of the incipient band and the bottom of the active band are both located at E g ≈ 100meV below the Fermi level while only the active band forms Fermi surfaces, as shown in Fig. 1(b) . The diagonal (off-diagonal) components of ∆ k represent the intraband (interband) pairings. We assume only intraband pairing and |∆ 1 |, |∆ 2 | E g , with ∆ 1 (∆ 2 ) being the pairing function on the incipient (active) band. The pairing function is supposed to be momentum independent for simplicity, so the pairing order parameter is sign-preserving s-wave on the Fermi surfaces. Figures 1(c) and 1(d) show the DOS of the incipient and active bands, as well as that in the SC state. We can see that the DOS of the active band is close to a constant in the vicinity of the Fermi level and since only the active band forms Fermi surfaces, two SC coherence peaks are located at ±∆ = ±∆ 2 . In this work, we set ∆ 2 = ∆ = 0.14 (∼ 14meV), unless otherwise stated.
When a single nonmagnetic impurity is placed at the sublattice A in the unit cell (0, 0), it plays the role of an onsite potential scatter and the impurity Hamiltonian can be written as H imp = V σ=↑,↓ c †
) in the present model. Here
with ξ ki = E 2 ki + ∆ 2 i . Since the A and B sublattices are related by exchanging k x and k y , while the bands are also symmetric with respect to exchanging k x and k y , therefore |Q Since |ω| < |∆| |E k1 |, we have
Here · · · represents the average over the BZ. Furthermore,
Here ρ 2 (E) is the DOS of the active band and Eq. (6) is derived since ρ 2 (E) is close to a constant in the vicinity of the Fermi level while away from it,
Combining Eqs. (3) to (7), we have
where x = ( 
If some of the roots of Eq. (9) In the following, in order to illustrate the possible appearance of IGBS with incipient band, firstly we take ∆ 1 = 0. In this case, if V 2 (δ + γ) − 1 = 0, then Eq. (9) can be written as
where m = (
The roots of Eq. (10) are plotted in Fig. 2(a) . When m 1, | ω ∆ | will approach 1, which means that no IGBS will exist and the above mentioned single band case (η = 0) corresponds to this situation. In contrast, as m decreases, the IGBS will move deeper inside the gap and multiple pairs of IGBS may even show up if m is small enough [see the inset of Fig. 2(a) ]. In our model, m ≈ 7.8 and the condition V 2 (δ + γ) − 1 = 0 can be satisfied at V ≈ 4.74. In this case, the locations of the IGBS should be located at ω ∆ ≈ ±0.83, as denoted by the red arrow in Fig. 2(a) . Indeed, the local density of states (LDOS) at the impurity site plotted in Fig. 2(b) , which is calculated by using the exact expression of Eq. (3), shows two IGBS at ω ≈ ±0.115 ( ω ∆ ≈ ±0.82), agreeing quite well that shown in Fig. 2(a) and we can see that the IGBS are indeed induced by superconductivity since they do not exist in the normal state. Furthermore, from the definition of m, we can see that m will decrease if ∆ increases, therefore we further set ∆ = 0.2 to verify the above calculation. In this case m ≈ 3.8, V ≈ 4.726 and the IGBS in the LDOS are located at ω ≈ ±0.149 ( ω ∆ ≈ ±0.74), also agreeing quite well with that shown in Fig. 2(a) .
If for the active band, there also exists a pairing cutoff
245 in the present model, which is the band edge of the incipient band, as can be seen from Fig.  1(c) ], since we have assumed that the SC pairing does not take place in the incipient band. In this case, the following term should be rewritten as
Since |ω| < |∆| E c , the first term on the right-hand side can still be approximated as Eq. (7), while the second term is zero since the active band is almost particlehole symmetric at |E| < E c . In addition, the third term can be absorbed into η and δ since they are all contributed by the normal state Green's function far away from the Fermi level. Therefore Eq. (8) is still valid, with slightly varied η, δ and γ. We have numerically verified that the IGBS still exist in this case, similar to those without the pairing cutoff.
Furthermore we have also investigated the effect of ∆ 1 on the IGBS. From Eq. (9) we can see that its roots depend on ∆1 ∆ due to the b 4 term. If ∆ 1 and ∆ have the same sign, the IGBS will move from inside the gap to the gap edges as ∆ 1 varies from 0 to ∆ [see Fig. 3(a) ]. On the contrary, if ∆ 1 and ∆ have the opposite sign, the IGBS will move even deeper inside the gap as ∆ 1 changes from 0 to −∆ [see Fig. 3(b) ]. We have also verified that, the position of the IGBS can well be approximated as the roots of Eq. (9) as long as |∆ 1 |, |∆ 2 | E g . Finally we set ∆ 2 = Fig. 2(a) we can see that it is such a large m that leads to the disappearance of the IGBS in Refs. 50 and 53. Since the band structure we use agrees better with realistic FeSe-based superconductors, the predictions we made should be more reliable. We have also verified that the conclusions remain qualitatively the same when more realistic two-orbital models of Refs. 44 and 51 are used. For example, in Ref. 51 , the formation of the IGBS is numerically investigated based on a two-orbital model and the results are consistent with those in the present work. Therefore the IGBS we studied have to be taken into account when explaining the SC pairing symmetry based on the STM data, especially in the FeSe-based superconductors. 
